Abstract: Local bioenergy will play a crucial role in national and regional sustainable energy strategies. Effective siting and feedstock procurement strategies are critical to the development and implementation of bioenergy systems. This paper aims to improve spatial decision-support in this domain by shifting focus from homogenous (forestry or agricultural) regions toward heterogeneous regions-i.e., areas with a presence of both forestry and agricultural activities; in this case, eastern Ontario, Canada. Multiple land-cover and resource map series are integrated in order to produce a spatially distributed GIS-based model of resource availability. These data are soft-linked with spreadsheet-based linear models in order to estimate and compare the quantity and supply-cost of the full range of non-food bioenergy feedstock available to a prospective developer, and to assess the merits of a mixed feedstock stream relative to a homogenous feedstock stream. The method is applied to estimate bioenergy production potentials and biomass supply-cost curves for a number of cities in the study region. Comparisons of biomass catchment areas; supply-cost curves; resource density maps; and resource flow charts demonstrate considerable strategic and operational advantages to locating a facility within the region's -transition zone‖ between forestry and agricultural activities. Existing and emerging bioenergy technologies that are feedstock agnostic and therefore capable of accepting a mixed-feedstock stream are OPEN ACCESS ISPRS Int. J. Geo-Inf. 2014, 3 210 reviewed with emphasis on -intermediates‖ such as wood pellets; biogas; and bio-oils, as well as bio-industrial clusters.
Introduction
Plant biomass resources can be used to generate a continuous and dispatchable supply of heat and electricity as well as solid, liquid, and gaseous fuels. The fungible nature of bioenergy highlights the importance of this resource to regional and national sustainable energy strategies, especially in the near term. In the area of liquid biofuels, public policy and private investment strategies are increasingly focusing on -second generation‖ or -advanced‖ production options, which tend to have greater net energy and ecological benefits compared to first generation options such as corn-based ethanol [1] , and which are less disruptive to food security [2, 3] . The most likely feedstock for bioenergy production, including advanced biofuels, is lignocellulosic plant material such as wood from forestry, agricultural residues, dedicated woody or herbaceous crops, and the biological components of municipal solid waste, all of which can be converted into energy or energy carriers through modern conversion technologies [4] [5] [6] [7] .
Biomass has relatively low energy density which prohibits long-distance transport. As a result, bioenergy production systems will need to limit as much as possible the distance between supply and conversion in order to achieve acceptable energy and financial returns on investment. What is more, biomass resources are distributed over wide geographical areas, while their biochemical properties are highly variable over space. Due to these site-specific logistical challenges (see also [8] [9] [10] [11] [12] [13] ), geographic information of available feedstock options is required for effective policy, planning, and investment decisions related to the implementation and commercialization of second generation bioenergy production. Accordingly, there is increasing emphasis on using geographic information systems (GIS) in order to resolve crucial uncertainties in the bioenergy supply-chain (visualized below in Figure 1 ) related to the location, quantity, and cost of potential feedstock [14] . There is growing interest in high resolution, spatially distributed approaches which minimize data aggregation [15] [16] [17] . Furthermore, there is greater emphasis on regional level analyses (with scales generally in the range of 200-500 km 2 ) since it is at this analytical scale that a balance is achieved between incorporating local contextual factors that influence resource access and project viability (e.g., average yields; land tenure systems; land management and harvesting practices; infrastructural capacity; community acceptance) and identifying potential scale economies [18, 19] .
Current research into bioenergy production potential tends to focus on either agricultural regions (e.g., [20] [21] [22] [23] [24] [25] ) or forest regions, e.g., [26] [27] [28] [29] [30] [31] [32] [33] [34] . Increasingly, GIS-based resource assessments are integrating geo-information related to forestry and agricultural activities (e.g., [35] [36] [37] [38] [39] [40] ). In the rare case that this occurs, however, discussions of technological options for bioconversion are generally limited to electricity and heat (but see [39] ); and opportunities for synergy between available biomass resource options are not explored. These are critical oversights given that multi-biomass supply chains can help to insulate against cost and availability fluctuations related to seasonality and greater storage requirements, as well as the low spatial density and associated increased transport requirements which challenge single biomass supply chains [11, 13, 21, 41] . Many studies on potential feedstock supply begin by identifying an optimal -greenfield‖ location for the putative bioenergy or biofuel production facility (e.g., [42, 43] ). These sites are often selected by optimizing factors such as proximity to sufficient feedstock production, availability of transportation infrastructure connecting biomass to the proposed site (roads and rail), and access to market (roads, rail, or utility lines and proximity to population centres) [25, 44] . In many cases, some key selection criteria may be fulfilled by existing production facilities (whether idle or operational), and utilization of this infrastructure could offset capital investment into new facilities. Utilizing existing production sites might also increase the chance of obtaining social license for operation; towns in which biomass processing facilities are already located are familiar with the high level of road and rail traffic associated with intensive forestry and agricultural activities, and skilled workers may be available locally to operate the facility. This is important because higher traffic activity associated with biomass transport and processing, and a lack of understanding of the type of employment associated with biomass processing, can both serve to fuel local resistance to project development [13] . These distinct qualities make towns where biomass processing facilities already exist -logical hubs‖ for bioenergy production [45] even if those hubs are not optimally spaced or sited according to some objective techno-economic function.
With all of this in mind, the purpose of this paper is to estimate bioenergy potential within a region that supports a mixture of forestry and agricultural resource management practices and economic activities. The study soft-links geographic information with spreadsheet-based models in order to locate and quantify available non-food feedstock for bioenergy production, and to identify sites with existing capacity to host a bioenergy production facility. By focusing on two of these sites, the study shows that a facility located along the transition zone between forestry and agricultural activities has considerable comparative advantages in terms of access to a continuous supply of feedstock relative to a facility located in a homogenous region. Existing and emerging bioenergy technologies are briefly reviewed with emphasis on existing technological capacity to process a mixed feedstock stream. This review extends our study beyond electricity and heat to include also pellets and other biofuels.
Study Area
South-eastern Ontario, illustrated in Figure 2 , covers over 5.2 million ha or approximately five percent of the total land base of the Canadian province of Ontario. The region contains two major eco-zones according to the Ontario Ministry of Natural Resources (OMNR): the -Mixed-wood Plains‖ to the south-southeast and the -Great Lakes Boreal Shield‖ to the north-northwest. Moving from the south-east corner toward the north-west corner of the region, there is a clear shift from predominantly small urban centres with suburban and agricultural land covers to predominantly forested land managed within five separate forest management units (FMUs). Forested regions have varying degrees of recreational land use (e.g., cottages, resorts, and parks) and decreasing amounts of agriculture as one travels to the north and west. The transition zone-i.e., the area over which forestry and agricultural activities meet-is identified by the area of data overlap in Figure 1 , which marks the spatial coincidence between Ontario's Agricultural Resource Inventory and Forest Resource Inventory map data (we describe these map series later).
Shifting geographic patterns of investment in wood production and increased consumption of paperless products has left a surplus of underutilized low-quality wood, which once supported pulp and paper production, across the region's forested land-base [6, 46, 47] . As stands become over-stocked with lower quality and small diameter wood, high value species are starved of nutrients and sunlight. In this context, local woodlot owners grow increasingly concerned about the long-term viability of their operations and are eager to selectively remove this wood [48] [49] [50] . In contrast to most regions of Canada, these resources are largely privately owned, with only 20% of forest owned by the Crown (public).
Agricultural resources are another significant source of biomass in the region. With 7,300-8,000 km 2 of active cropland, the region hosts almost 25 per cent of Ontario's agricultural land base. Since provincial regulation of ethanol blending mandates which began in 2007, the south-eastern portion of the region has attracted over 300 mL of corn-based ethanol production. As previously mentioned, there is a growing political movement to shift ethanol production to non-food biomass, including dedicated energy crops as well as grain residues. While many studies have suggested that the region (and Ontario generally) possesses a critical mass of such resources to support second generation bioenergy production, there is to date is an insufficient understanding of the spatial distribution of the resource base and therefore lack of precision in availability and cost of potential feedstock [51, 52] . Map of study area, including county boundaries (county names in bold and italic), prospective facility locations (discussed in Section 3.3), and primary land cover datasets.
Data and Methods
The focus of this study is on the supply-cost and energy production potential from agricultural residues, dedicated crops, forestry residuals, and underutilized round-wood. Mill wastes (i.e., chips and bark) are not considered, since these resources are considered by many to be mostly inaccessible in the region due to relatively low production levels and high competition for what limited resources are available [47] . Data used to locate and quantify all considered biomass resources are listed in Table 1 . 
Mapping Theoretically Available Biomass Resources
As shown in Figure 2 , neither Ontario's forest resource inventory (FRI) nor the agricultural resource inventory (ARI) maps provide spatially complete land cover information and must therefore be carefully integrated into a single spatial dataset. A baseline land cover map of the study area (see [57] ) is used in order to control the integration of the ARI and FRI data; where spatial gaps between these datasets exist, less thematically precise land-cover codes are selected from this baseline map. All data are assimilated into a 25 m raster which is achieved through vector-to-raster conversion using the center-cell method as well as nearest neighbour re-sampling where necessary. The land-cover classification system for each map is described below in Table 2 . Biomass availability is restricted by various geographical, sustainability, and economic factors which we map here as exclusion areas. Geographical factors are first considered by eliminating from the map those land-cover types which are (a) not bio-productive (all Class 1); and (b) not considered in this study due to data limitations (e.g., unclassified agriculture and specialty agriculture such as greenhouse systems). Those land-cover types that are unable to provide a sustainable reproductive surplus of biomass resources in the near to medium term (e.g., Class 8, 9, 11, 12) as well as forest stands which are inaccessible are also eliminated. Areas where biomass extraction is prohibited for sustainability reasons, in this case (a) riparian zones represented by a 30 m buffer surrounding all hydrological features in the region; and (b) provincial parks and ecologically significant areas, are removed through the multiplication of the land cover map with binary maps where a value of -0‖ locates the respective feature and a value of -1‖ retains the site (pixel).
When assessing the potential to grow dedicated bioenergy crops, sites currently active in crop agriculture are not considered. In other words, only land identified by the ARI as abandoned or idle is included in the spatial and numerical assessment of potential dedicated energy crop production. Land under hay and fodder corn is also excluded from the study as these crops are economically unavailable in the region due to competing uses in the food industry [56, 58] (see also [38] ). Residues from soybean production are difficult to harvest and are typically low-yielding in Ontario [58] and are therefore also excluded from the study.
Mapping Biomass Production Potential
Mapping biomass quantities is a four step process. First, yield estimates are derived from statistical data. Second, these estimates are disaggregated from their originally reported units (e.g., bushels per acre) into an SI unit that is normalized to the spatial unit of analysis which, in this case, is a 25 m 2 pixel. Third, yield estimates are matched with their respective land-cover type, for which the respective land cover code is reclassified into the value representing its per-pixel yield estimate. Fourth, extraction rates are estimated based on parameters that define key limitations (e.g., soil quality, harvesting techniques) which are often related to higher order restrictions (e.g., sustainability and economic considerations). These limitations on extraction are what distinguish accessible biomass from theoretically available biomass. In the sections that follow, we discuss the process through which accessible biomass is mapped for each respective feedstock type.
Estimating Agricultural Biomass from Crop Residues
The logic through which available crop residue biomass (CRB) in dry tonnes for each crop type (i) is quantified at the pixel level is described in Equation (1): (1 ) 16
where y represents average grain yield for crop i; r represents the residue-to-grain production factor; and e represents the residue extraction rate. Values are divided by 16 in order to disaggregate values from per ha estimates (t/10,000 m 2 ) into map unit estimates (t/25 m × 25 m pixel, or 625 m 2 ). Moisture content, m, is the standardized moisture content used to weigh annual yields for statistical reporting purposes which in Ontario is 15 per cent [59] . Grain yields are computed at the county level as eight year averages (2003-2010) ( Figure 3 ). Residue-to-grain ratios are taken from [58] since they are the most recent and comprehensive and have been derived from empirical research conducted in Ontario (Table 3) . Following [38, 46] , this study takes a conservative approach to residue extraction and assumes that only 30 per cent of theoretically available residues are able to be diverted toward bioenergy production. Residue extraction is restricted to areas that consistently demonstrate yields above 150 bu/ha (150 bu is converted to tonnes in Table 4 for specific crop types) which is considered to be a conservative baseline at which residue removal is sustainable [54] . The exception to this rule is winter wheat which is assumed to be part of a corn-soy-wheat or a corn-wheat rotation and therefore part of a more complex cropping system that generally yields higher residue rates on an annual basis [56, 60] . An average yield for wheat, barley, and oat residues is derived and used to reclassify the -unclassified crop agriculture‖ land cover code. Straw and stover have directly corresponding land cover codes which are reclassified accordingly. In all cases, reclassification occurs at the county-level so that yield estimates match their geographical variability as closely as possible. County-level yield maps are then re-integrated to produce a regional-level map of yield estimates. Table 4 . Parameters for estimating forest harvest residues.
Forest Harvest Parameter Value
Annual harvested rate (%) * 2.2
Residue from selective harvest (odt/ha) 2
Residue from shelterwood harvest (odt/ha) 10.8
Residue from clear cut harvest (odt/ha) 16.8
* Area harvested as per cent of total harvestable area.
Estimating Biomass from Grassland Plantations
As mentioned previously, only land classified as idle/abandoned is considered for dedicated biomass production. A review of field studies conducted within the region suggests that switchgrass is among the most suitable dedicated crops in the area given prevailing climate, soil types, and land management practices (see [53, 56] ). A native perennial grass with deep root structures, switchgrass production can help to inhibit soil erosion and accumulate soil organic matter. As opposed to short rotation woody coppice options such as willow and poplar, switchgrass production -fits‖ into existing regional farming practices to the extent that, once established, it can even be harvested on an annual basis using standard straw/hay equipment. Indeed, hay is already the most prevalent crop across the region. Based on existing studies conducted in and around the region, an average switchgrass yield of 10 ODT/ha is used in this study, although it is important to recognize that yields will vary with species and cultivar selection as well as soil management practices [56] .
Although energy crops have considerable promise in the region, there is evidence to show that growers will not establish these crops unless there is a guaranteed market while developers will not provide that market without a guaranteed supply [61] . This persistent chicken-and-egg situation, along with the risk aversion of the general farming community with respect to fundamental changes to their target market and their planting-growing-harvesting activities (see [18, 62] ), means it would be overly optimistic to assume idle land will be allocated toward the production of dedicated energy crops. For these reasons, production potentials are estimated with and without inputs from switchgrass production.
Estimating Biomass from Forests
In this study, forestry yields are estimated as a function of harvest intensity (i.e., recovery of biomass on a per hectare basis) due to the harvesting system employed, and harvesting rate (i.e., the proportion of total productive forest area that is harvested in any given year), which is determined by regional market conditions for primary wood products. These parameters are summarized in Table 4 . The spatial differentiation of harvesting practices across the region is determined using FRI attribute data. Yields for selective harvest system are from [63] . Other estimates are derived from personal communication with local woodlot owners and managers who are experimenting with stand improvement techniques and monitoring residue production based on harvest system. (Note that in this study one cubic meter of green forest biomass is assumed to be equivalent to 0.876 green metric tonnes (GMT) [64] or 0.438 ODT at 50 per cent moisture (wet basis). Using the most recent best-estimates from regional forest managers, biomass availability is calculated using a harvest rate of 2.2%.
Spatial Analysis of Biomass Supply-Cost and Bioenergy Production Potential
This section assumes that available biomass will be processed in a facility into either energy (electricity, heat) or fuel (e.g., pellets; biogas). Biomass feedstock density is mapped using focal point statistics. The sum of all biomass resources within a 30 km driving distance is calculated at each pixel. A catchment area of 30 km is typically assumed as the minimum service area required to support medium and large-scale bioenergy production [5] . This process is run for five categories: forestry and agricultural resources; forestry and agricultural resources without inputs from switchgrass; all agricultural resources; agricultural residues only (no switchgrass production); and forestry residues only. Cities and towns considered as potential hosts for a bioenergy facility are short-listed using access to product markets via rail lines or deep-water ports as well as the availability of skilled labour and proximity to existing saw mills as selection criteria. We build upon earlier reports by [52, 65] , where population centres in the region were already filtered using these criteria. Smith's Falls is included in the list of sites given its access to a rail junction that includes five commercial lines and a recent closure of a large manufacturing plant which has opened up industrial land for a new use. Smith's Falls is located directly on the boundary between forest and agricultural land-use activities in the region and is in theory optimally located to support a multi-biomass feedstock stream. All of these sites are mapped in Figure 2 . City or town centroids are assumed to be the collection point for incoming biomass.
Biomass type and quantities are estimated over one hundred kilometer service areas for all prospective facilities, as generated through network analysis of road infrastructure. These catchment areas are summarized and compared in order to identify three sites for comparative analysis in terms of resource density and supply-cost: one surrounded by a diverse fuel supply; one by predominantly forested fuels; and one by predominantly agricultural fuels. The supply-cost model is built on the following assumptions: (a) wood from forests is sorted and bundled at roadside and transported to the facility at 50 per cent moisture content in a 40 t truck; (b) agricultural residues are harvested separately from the grain and baled in round bales; (c) switch-grass is wind-rowed and overwintered, and then baled into round bales in spring (Over-wintering leads to field drying and therefore lower moisture contents at harvest and has also been shown to result in a loss of minerals and alkali metals, especially chlorine and potassium, through leaching [53] ; (d) residues and grasses are baled are stored field-side temporarily, and then transported to the facility at 20 per cent moisture content in a 30 t truck; (e) average trucking speed is 60 km/h; and (f) any processing such as chipping and drying is performed at the bioenergy facility. Dry matter losses throughout the system are assumed to be 15 per cent for agricultural resources and 5 per cent for forest residues. Data used to populate the mathematical model of production and transport costs, summarized in Table 5 , are derived from literature mining as well as personal communication with local woodlot owners and managers.
This study lacks access to logging road data and is aiming to estimate supply-costs using spatially distributed (raster) data. As such, a tortuosity factor (TF) is used to convert euclidean (cell-to-cell) distances into real-world driving distances between the supply cell and the destination cell (see also [28] ). Due to lack of sufficient data, slope was not considered in this analysis as a factor impacting driving distance/costs. The TF is chosen based on conformity tests whereby the 100 km service area calculated through network analysis is compared to the area within a 100 km radius after various tortuosity conversions of straight-line distances. A regional average of 1.35 was calculated, with a range from 1.45 (in northerly less populated forested areas, including extraction distance) and 1.25 (in southerly and more populated agricultural areas). The raster representation of distance from facility based on tortuosity is used as the -zone‖ field in order to run the zonal statistical function -sum‖ over the yield map, so that fibre supply is quantified at each distance zone. The mask function is used to run this process for specific feedstock types. Data are exported to excel, where supply-cost curves are generated by inputting the distance and yield values into the supply-cost model (see Figure 4) . 
Results
The study found that 2.27 M ha of land has potential to provide biomass feedstock under the restrictions described above. Total production will average over 2 M ODT, broken down into the feedstock types shown in Figure 5 , assuming full allocation of idle land toward switchgrass production.
The contribution from dedicated bioenergy crops is significant; without inputs from dedicated energy crop production, just over 1.1 M ODT of potential bioenergy feedstock is available. The minimum grain production threshold for residue removal of 150 bu/ha eliminates residues from canola and bean production, as well as most straw residues. Still, potential fibre production from agricultural residues is almost three times greater than from forest residues. Indeed, access to biomass resources within a 100 km radius tends to be higher in catchment areas for sites in the agricultural centre of the region than for those cities located within the forestry centre of the region (see Table 6 ). Access to bioresources in agricultural centers is, however, strongly sensitive to switchgrass production (or some other dedicated bioenergy crop). When switchgrass production is removed from consideration, estimated yields drop by 60 per cent in agricultural centers, compared to just 30 per cent for centers located nearer the transition zone and 4-12 per cent for forestry centers. As a result, those facilities located nearer the transition zone, including Roslin, Renfrew, and especially Smith's Falls, boast the highest total yield with and without switchgrass production. * Site-specific total yields do not sum to this total due to overlapping catchments. The regional total does not include double counting. Figure 6 . Spatial density of biomass resources in eastern Ontario, illustrated as per-pixel potential energy yield aggregated over a 30 km driving distance. Resource potential normalized to power production potential, assuming an electricity generation facility operating at 80 per cent capacity factor and 40 per cent total efficiency. Based on these parameters and standard heating content of various biomass types, we assume that approximately 3,500 t of woody material; 3,900 t of grass, straw, or stover, and 3,700 t of a mixed feedstock stream are required to support a 1 MW facility.
The study also found clear benefits of locating along the transition zone. These benefits are expressed in a number of ways. Firstly, focal point statistics reveal that when forest and agricultural resources are aggregated, a facility located anywhere in the region will have access to a sufficient quantity of biomass within a 30 km driving distance to support at least 1 MW of electricity generation capacity resources ( Figure 6 ). The same is not true where only forest or agricultural resources are concerned. The comparison of supply-cost curves for three sites is also instructive (Figure 7 ). Bancroft's catchment area is dominated by forested area; Cornwall's by agricultural area; and Smith's Falls has the most balanced catchment area due to its location at the transition zone. While the supply-cost curves for Bancroft and Smith's falls are equivalent at the lowest end of the supply-cost curve due to proximity to relatively inexpensive forest harvest residues, a facility at Smith's Falls could achieve a larger processing scale at a lower overall supply-cost if it included a dedicated bioenergy crop input. In fact, Smiths Falls would have access to the greatest volume of biomass at the lowest driving distance relative to all other cities compared in the study. This finding is confirmed in distance-supply curves shown in Figure 8 , which also demonstrate that the transition zone advantages are independent of switchgrass production; in other words, the spatial density of potential resources is strongest at the transition zone whether switchgrass (or some other dedicated bioenergy crop) is grown in the region or not. . Biomass supply-distance curves for selected cities. Smith's Falls, located at the transition zone, benefits from steeper curves with and without switchgrass production which signifies higher resource density and reduced reliance on dedicated bioenergy crops relative to cities within homogenous forestry or agricultural areas. Note that these costs do not include expected profits to producers: i.e., they are -techno-economic‖ assessments only.
Discussion
Forest resources constitute a relatively small proportion of overall bioenergy production potential in the region. Post-analysis discussions with local woodlot owners suggest that this study may be too strongly conservative where the estimation of forest biomass is concerned. The difference is not a matter of ecological limitations, but of economic opportunities (or lack thereof). Prior to 2000, more than 90,000 ODT of round-wood from crown-land alone (which represents only 20%-25% of the forested land in the region) was allocated toward pulp and paper production [67, 68] . Since 2006, eastern Ontario has lost more than 700,000 ODT of pulp wood processing, along with additional losses in other types of wood processing (see Table 7 ). The loss of this market is the primary reason why the harvest rate assumed in this study was set at 2.2 per cent when woodlot managers suggest they could be upwards of 3-4 per cent. More to the point, the -stranded wood‖ as estimated by the loss of market summarized below could be used for bioenergy production. Local woodlot managers point out that in many cases pulpwood with low market value represents anywhere from 55-70 per cent of all wood that is (or can be) harvested in a typical stand in this region (c.f. [47] ). Since value-added processing of lower quality wood is already diminished due to macroeconomic factors, this new activity would be a positive rather than a disruptive force to the regional economy. of which is satisfied by mill residues and round-wood sourced from outside the region; GMT = green metric tonnes; MDF = medium density fibreboard. Sources: [47, 68] .
In order to estimate how the recovery of pulpwood might impact forest biomass estimates, forest biomass (FB) is estimated as a sub-set of gross volume per Equation (2) (see also [69] ):
where a represents productive forest area; p represents forest productivity; and e is an assumed extraction rate of biomass for energy. Forested area is estimated by summing the accessible and productive forested land area within the GIS, excluding riparian zones or protected/sensitive forest areas. Forest productivity is the most recent current annual increment (CAI) of forest growth which, in this region, is estimated to be 2.5 m 3 /ha [67] . It is assumed that 65 per cent of the gross volume can be recovered, 60 per cent of which (i.e., 40 per cent of the total incremental growth, so that e = 0.40 in Equation (2)) could enter the bioenergy market as harvest residuals, non-commercial wood and pulpwood. In total, over 705,000 ODT of forest biomass might be available across the region based on a gross-yield analysis, which is more than double the yield estimated based only on forest harvest residues. (Note that we are assuming one cubic meter of green forest biomass to be equivalent to 0.876 green metric tonnes (GMT) [70] or 0.438 ODT at 50 per cent moisture.) The issue here is one of cost. Production and harvesting costs of unsorted roundwood is estimated at roughly $30/ODT (not counting loading or transport), which is 50 per cent higher than the cost of residues. Overall, the recovery of forest biomass (residues and low-value roundwood alike) is driven by market opportunities for high value standing wood from which the vast majority of harvesting costs are typically allocated (see also [48] ). Without a robust primary market, harvest rates are low (as was assumed in this study), and low-quality round-wood remains stranded where stands are not supporting a critical mass of saw-log quality wood. Alternatively, future policy interventions might consider subsidizing this harvest activity as is currently the case in Finland, where government assistance toward harvesting costs has helped to maintain employment while ensuring the long-term viability of regional forestry economies [71] . This study has provided the foundation upon which to model how biomass supply-cost and bioenergy production potential might change in (eastern) Ontario under a similar regulatory environment. Based on the supply-cost analysis above, great attention to forest biomass would help achieve higher rates of bioenergy production at the lowest cost. Indeed, harvest residues and low-quality roundwood are cheapest among all options for cellulosic material. Switchgrass production costs are primarily driven by land clearing, baling, and yield. In contrast to agricultural residues, dedicated biomass production systems must capture the costs of land acquisition/rent since those are not absorbed in the sale of primary products (e.g., grain). Based on [56] , a regional average of $74/ha was assumed due to data limitations (values generally range from $35-100). Cheaper land can be found in the Lanark highlands and east of Peterborough, while rents can be as high as $200 in the Ottawa area. Where land is already cleared and rents are cheap, switch-grass production is reduced by as much as $12-18/ODT and begins to compete with lower-quality forest wood liberated through thinning operations (but is still considerably more expensive than forest residuals). Although stover and straw are often touted as a low-cost feedstock, nutrient replacement rather than transportation or handling drives the cost of this resource higher than other sources of fibre. Nutrient fertilizer costs were estimated from [72] . Note that, in line with this study, the majority of published findings report a range of break-even cost estimates for stover removal (excluding transport) of $55-80/ODT [73] , although some estimates are as low as $36-41/ODT [74, 75] . Identifying farms with the appropriate mix of soil type and land management activities (e.g., no-till agriculture) from which nutrients might be exported without impacts on overall productivity and soil quality can reduce the marginal cost of stover and straw to below $60/ODT.
Technical Challenges to Processing a Mixed Feedstock Stream
Although multi-biomass resource assessments are increasingly common in literature (e.g., [39, 40] ), this study identified and assessed the opportunities that are available when synergizing these resources within a mixed-feedstock stream. Access to a greater range of potential feedstock in closer proximity, as well as access to cleared but abandoned agricultural land upon which to grow dedicated feedstock could be achieved if a facility is located along transition zones between forestry and agricultural activities. Locating along the transition zone not only ensures that feedstock can be procured at the lowest possible point along the supply-cost curve, but also insulates the facility from localized disruptions in the availability, composition, and cost of supply caused by the -systemic drivers‖ of change identified in Figure 1 , and discussed above in relation to the forestry sector. Perhaps, more importantly, the growth and supply cycles of agriculture and forestry source options do not necessarily overlap in time so that multi-biomass supply chains ensure a consistent flow of feedstock from field to facility through time, thereby reducing on-site storage requirements. This is especially the case if perennial grasses are over-wintered and delivered to the facility in spring. From a technological perspective, encouraging technologies that can process lignocellulosic fibre from various source options (so-called -Phase III‖ biorefineries; see [76] ) is required in order to make this siting and procurement strategy viable.
Lignocellulosic conversion technologies can generate fuels, energy, and chemicals through three primary means: biochemical conversion which involves hydrolysis, saccharification and fermentation; thermochemical conversion (combustion; gasification; pyrolysis); and physical processing (pellets; briquettes) (see [4, 5, 7, 77] ). Most operational and near-commercial technologies are sensitive to variations of ash and lignin content within the feedstock mix. Since these can vary considerably between feedstock types (not to mention inter-species variation), most technologies require a relatively homogenous biomass mix in order to maximize product recovery and to control product quality. Where lignin-rich resources (e.g., softwood) are included into the feedstock mix, for example, bioconversion into ethanol requires concentrated acids [78] or ionic liquids [79] in order to compromise the structural integrity of lignin and hydrolyze available sugars; both of which are cost prohibitive inputs. Combustion and gasification technologies do not achieve temperatures high enough to thermo-chemically destroy silica and other trace metals found within herbaceous material such as straw and stover.
Resulting ash deposition causes clinkering and slagging within the systems which lowers the system efficiency and increases cost of operation and maintenance [4, 80] . Furthermore, the minimum ethanol selling price (i.e., the price required to achieve a 10 per cent internal rate of return) of ethanol from syngas has been shown to rise 50 percent when the ash content within the feedstock increases from 1-15 per cent [77] . This means that relatively homogenous feedstock streams of hardwood or softwood are preferred to mixed or homogenous feedstock streams that include stover, straw, or dedicated grasses [81] .
Clearly, a heterogeneous feedstock is difficult to process on an industrial scale. One way to incorporate heterogeneous feedstock into a bioenergy system is to create a homogenous intermediate [11] . There are currently two conversion pathways capable of achieving this goal. The first is pyrolysis, a thermochemical process which converts the total mass of feedstock including ash and lignin into a combination of char, gas, and oils, the relative breakdown of which is dependent on operating temperatures/pressure and residence time. Based on current energy markets, however, energy products derived from this process are not competitive [46] , although some facilities are using pyrolysis in order to produce food ingredients and specialty chemicals which are higher value markets compared to energy (e.g., the Ensyn facility in Renfrew). Pelletization is the second technology that can homogenize a heterogeneous feedstock. Pellet plants can mix the feedstock directly in which case the -blend‖ is controlled to ensure the product meets industry and regulatory standards for moisture and ash content, or the feedstock is separated at the factory gate and fed into dedicated but parallel lines into their respective diet. In either case, scale economies are more easily achieved, and indeed operational pellet facilities are now accepting and processing a mixed feedstock stream including green forestry wood, straw, and municipal waste (e.g., the Woodville Pellet Corporation plant at Kirkfield, Ontario; see also [82] ). Pyrolysis bio-oil and pellets provide a platform fuel that can be used as an intermediary input into subsequent energy, fuel, or chemical production.
Alternatively, multi-biomass feedstock streams might be processed within biomass-based industrial (bio-industrial) parks. Conceptually speaking, a bio-industrial park is an agglomeration or cluster of industrial activities focused on the conversion of biomass feedstock into one or a combination of energy, fuels, and products (e.g., platform chemicals) within separate but interconnected industrial processes. Using this concept, multi-biomass feedstock streams could be processed within multiple optimized units (i.e., parameterized to manage specific ash and lignin contents) rather than a single unit. Locating such a park within the transition zone between forestry and agricultural will ensure access to a greater range of feedstock options within a shorter distance and at lower cost, along with a most consistent flow of feedstock. In this case, insulation from cost and availability fluctuations would apply only to the cluster on aggregate or viewed collectively, but not necessarily to the individual facilities. Current siting strategies for bio-industrial parks, however, are focused on identifying mature industrial sites with easy access to export opportunities (e.g., see [83] ). Future research should compare the cost-benefits of this strategy against locating the park in our proposed transition zone.
Conclusions
In order to achieve the widespread commercialization of bioenergy production, policy and technology solutions must match the composition of local biomass; scale economies must be balanced with feedstock supply-cost; and lenders need to be assured that a continuous cost effective feedstock is available over an annual planning horizon. In some regions, forest and agricultural resources are available in sufficient quantity to achieve these goals, and in fact, can be coordinated into a mixed-feedstock stream with multiple economic and ecological benefits. A prospective facility could maximize its access to feedstock and minimize driving distance if located at -transition zones‖ between forestry and agricultural activities. Indeed, leveraging the complementary nature of forest and agricultural resource options and having the capacity to be flexible in terms of feedstock procurement will improve resiliency and scale economies in bioenergy production. Deploying technologies that are relatively feedstock agnostic, which can use heterogeneous sources to produce an -intermediate such as pellets or oils, is one option.
The approach taken to feedstock identification in this study has greatly improved the estimation of feedstock cost and availability in our study area. This study, and the future research questions it has helped to identify, especially those related to uncertainty in key parameters and siting strategies for bio-industrial parks, will help policymakers identify suitable renewable energy targets where bioenergy production is concerned, and also provide companies the data they require to qualify for business loans which will allow them to accelerate the uptake of advanced bioenergy technologies.
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